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Biofuels are produced mainly from dedicated energy crops and commercial 
forestry wastes. Contrary to common misrepresentation, they are not mainly 
sourced from agricultural wastes associated with food and feed crops. Another 
common misrepresentation is they are produced from super-efficient energy 
crops. None exist.
Here we summarize field data for solar energy conversion to biomass then to 
biofuels (Table & Fig 1) from long running, globally distributed, independently 
validated, commercial energy crop farming of corn, sugarcane and oil palm 
(column B1). Together with independent solar insolation data for each farming 
site (column A2), the solar-to-biomass efficiency is 0.26% to 0.5% even for the 
most efficient energy crops (column D1). Subsequent conversion to a biofuel 
(ethanol or biodiesel) produces an additional 2-fold loss in energy capture for 
the overall STBF conversion efficiency of 0.13 to 0.26% (column E1).

Energy crops (corn sugarcane, oil palm) are used to produce ethanol and 
biodiesel. Biofuels require 9-fold more land area and are 9-fold less energy 
efficient than are electro-fuels made from solar electricity. They are net 
emitters of CO2 while electro-fuels are net consumers of CO2. Here we provide 
quantitative comparisons of their solar efficiency, carbon emissions and land 
use relative to solar electricity and solar fuels, aka electro-fuels (Fig 1 & Table). 
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a) Based on 19% conversion efficiency of electrical energy to synthetic fuels (9)
b) Using the reported biodiesel production yield for Malaysian palm oil (2.6 ± 0.2 
tons/ha-y) (3, 4)
c) The direct solar insolation at each site(8)

Next, these numbers are compared to the reported solar energy input 
(columnA2) and the electrical energy output from the longest-running large-
scale solar photovoltaic (PV) farms in California, USA (14).  The continuously 
monitored production of solar electricity was taken from the Solar Star 1&2 
commercial PV farm over a 5 year period (Column B2) to obtain the energy 
conversion efficiency of 4.3% (column D2 = B2/A2). 
Solar to Fuels by Electrolysis. Renewable solar and wind electricity can serve a 
wide range of energy uses but are use-it-or lose-it energy sources, and thus 
not a direct replacement for biofuels required for heavy vehicle traffic. This 
needs a further conversion step, for which renewable solutions are now 
becoming available. Recent advances have shown that electrolysis of CO2 and 
water can produce small carbon-containing molecules (C1, C2, C3 and C4) on 
selective electrodes (electrocatalysts) (9). These chemicals can be used 
directly as fuels or as precursors to upgraded fuels after separation and 
purification. For example, on copper electrodes, 50% of the current produces 
C2+C3 products, while the other half makes H2. The overall electrical energy 
conversion efficiency for an electrochemical process is the product of the 
current conversion efficiency (here 50%) times the cell voltage efficiency. For 
the illustrated example at the operating voltage of 4.2 V the overall electrical 
to synthetic fuel energy conversion efficiency (ETSF) to C2+C3 products is 19% 
(Table)[1]. This Artificial Photosynthetic (AP) process, if powered by the 
aforementioned Solar Star 1 & 2 electrical farm would have an annual solar-to-
AP-fuel efficiency (STAP) of 0.82% (Table) > 10X better than biofuels. 
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Electricity consumption is the main cost and source of greenhouse gas (GHG) 
emissions for AP fuel processes. For each C atom in the fuel molecule, one CO2 
molecule is consumed. Therefore, AP systems have the potential for net 
carbon negative emissions when powered by renewable electricity. To quantify 
this, we consider the National Renewable Energy Laboratory (NREL) study of 
46 independent life cycle analyses (so-called harmonized LCA) for PV power 
production. NREL determined the proportions of all GHG emissions from each 
stage of PV power production (fabrication/installation, operation and 
decommissioning) and compared it to a baseline of coal-based power (16). For 
this generic PV power plant, the sum of all GHG emissions is 25-fold lower 
(~40 g CO2eq/kWh) compared to coal power production (~ 1000 g 
CO2eq/kWh). The NREL study found that the portion of GHG emissions arising 
from PV operation is a minor fraction ~23.5% (9.4 g CO2eq/kWH produced) 
(column F2), versus >98% (>980 g CO2eq/kWH) for operation of coal power 
plants. In the AP process, this operational CO2 emission from PV electricity 
production is offset by the amount of net CO2 consumed during operation of 
the electrolyzer. Using the aforementioned AP process (producing ethylene 
and propanol from pure CO2 at 19% efficiency), the consumption of 1 kWh of 
electrical energy will produce 0.19 kWh equivalents of C2 + C3 products, which 
is equal to the consumption of 1.0-1.1 eq CO2 (~ 46 gCO2).  The  combined 
STAP process has a net consumption of -36g CO2 eq per kWh of PV electrical 
energy (column F2), or four times greater CO2 consumption than emission 
potential. By contrast, the net carbon emission of advanced corn ethanol 
production based on the most widely accepted LCA model including land use 
change is 195 g CO2 kWh−1(18) (19) (column F1). For every kW equivalent of 
corn ethanol production that is replaced by AP generated solar fuel  there 
would be a net reduction in carbon emission of 231 g CO2 kWh−1.

This comparison shows that biomass energy crops are 16 to 32-fold less efficient 
(Columns D2 versus D1) in capturing solar energy per unit area and storing it as 
usable chemical energy (dry biomass) compared to existing solar cells that were 
installed 9 years ago. Decades of research have not appreciably improved the 
intrinsic solar-to-chemical energy conversion efficiency of natural 
photosynthesis (<0.5%), while solar PV efficiencies have continued to increase 
(~22% today)(6).  The corresponding overall efficiency for conversion of 
sunlight to solar fuel is 3 to 5-fold greater than any biofuel (column E2).
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